A 38 kilobase pair region of the Escherichia coli K12 chromosome containing the replication origin has been physically mapped with restriction endonucleases EcoRI and HindIII. Replication starts within or very near a 1.3 kilobase pair HindIII fragment in the middle of this region and proceeds outward in both directions with apparently equal speed. This pattern was observed in both dnaA and dnaC temperaturesensitive (ts) initiation mutants at the start of the synchronous round of replication which occurs after downshift from the nonpermissive to the permissive temperature. The origin of replication of the Escherichia coli chromosome is located in the vicinity of the iiv operon (1-3), most likely between the dnaA and bglA genes (4, 5). This would place it at approximately 82 min on the revised genetic map of E. coli (6). From this site, replication proceeds in both directions around the large, circular chromosome and terminates within the region diametrically opposite the origin (1, 2, 7, 8).
terized. Mutations affecting DNA chain elongation have also been mapped within the dnaC gene (14) . These were earlier classified as dnaD mutations. The dnaC gene product thus appears to have two functions. When dnaA or dnaC ts (temperature-sensitive) initiation mutants are shifted to the nonpermissive temperature, a residual amount of DNA replication occurs which has been interpreted as completion of rounds of replication in progress at the time of the shift. Return to the permissive temperature results in initiation of a new round of replication (9, [15] [16] [17] [18] [19] [20] [21] .
We report here the use of restriction endonucleases to analyze the region of the E. coli chromosome initially replicated upon downshift of a dnaA and a dnaC ts mutant to the permissive temperature. By this method, the origin of replication in this 4000 kilobase (kb) chromosome can be assigned to a site within or very near a 1.3 kb HindIll fragment.
MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. Temperaturesensitive initiation mutants PC2 (dnaC2) and PC5 (dnaA5) were derived from E. coli K12 strain DG75 (F-, leu-6, thyA47, dra-3, and str-153) by P. Carl (17, 22) and provided by him. Bacteria were grown in a shaking bath in Tris-HUl-buffered (pH 7.5) minimal medium containing per liter: 0.54 g of NaCl, 0.3 g of KCI, 1.1 g of NH4Cl, 15 mg of CaCI2-2H20, 203 mg of MgCI2.6H20, 0.2 mg of FeCl3*6H20, 87 mg of KH2PO4, 22.7 Abbreviations: ts, temperature-sensitive; kb, kilobase. mg of Na2SO4, and 12.1 g of Tris. The medium additionally contained 0.2% glucose, 0.4% casamino acids, and 40 ,gg of thymine per ml.
Radioactive Labeling of Origin Region and Isolation of DNA. To obtain synchronized initiation of replication, we grew cultures of PC2 and PC5 at 280C to 0.25 OD600 and then shifted them to 40°. After 1 hr. the cultures were rapidly cooled to 280 and 10-ml aliquots taken at 1-or 2-min intervals for pulse labeling with 0.4 ml of [3H]thymidine (0.5 mCi/ml and 60 Ci/ mmol, Schwarz/Mann). Pulses were quenched by adding nonradioactive thymidine to 100 ,ug/ml and pouring the aliquot over ice in a centrifuge tube containing enough KCN to make its final concentration 10 mM.
Total cellular DNA was purified as follows: Pelleted cells were resuspended in 0.4 ml of 20% sucrose/100 mM NaCl/10 mM Tris-HCI (pH 8.2), treated for 20 min on ice with 0.1 ml of a 4 mg/ml solution of lysozyme in 120 mM Tris-HCl (pH 8,2)/S0 mM EDTA, and lysed with Sarkosyl (0.4 ml of a 2.5% solution). The lysate was heated to 650 for 5 min, cooled, diluted with water to 7.7 ml, and digested for 4 hr at 370 with 0.1 ml of a 1 mg/ml solution of Pronase (Calbiochem). Solid KI was added to bring the volume of the lysate to 10 ml and a density gradient was formed by centrifugation in a Beckman 50 Ti rotor at 37,000 rpm for 40 hr at 200. The DNA, which banded in the center of the gradient, was collected and dialyzed against 20 mM Tris-HCl (pH 7.8)/0.2 mM EDTA.
Restriction Endonuclease Digestion. Restriction endonucleases were purchased from Miles Laboratories and New England Biolabs. A standard reaction mixture was used for all digestions [20 mM Tris-HCI (pH 7.8)/10 mM MgCl2/10 mM NaCI/7 mM 2-mercaptoethanol/0.2 mM EDTA/0.1% gelatin]. Sufficient enzyme was added to give a limit digest within a 4-hr incubation period at 370. When the DNA was digested with more than one enzyme, all were added at the beginning of the digestion period.
Gel Electrophoresis and Fluorography. Limit digests were fractionated by electrophoresis on 18-cm-long slab gels of 0.6% agarose (Seakem) in an apparatus constructed according to Sugden et al. (23) . The placed between a sheet of Whatman 3 MM filter paper and one of thin Mylar plastic and dried under reduced pressure under a heat lamp. These gels were exposed to Kodak RP Royal XOmat film at -70°for 2 days to 2 weeks, depending upon the 3H input.
Isolation of DNA Restriction Fragments. Bands detected in preparative agarose gels by fluorography were cut out, the PPO was extracted with acetone, and the gel was dissolved in saturated KI at 37°. The agarose and DNA fragments were then separated in KI density gradients as described (25) . thymidine was incorporated to detect clearly any bands in the gel. Thereafter label began to appear in an ordered manner in specific fragments, each increasing in activity to a maximum and then declining within a period of 6-8 min. This is consistent with initiation of replication at a unique site in all cells within a short time and synchronous progression of the replication forks around the chromosome.
RESULTS
With the dnaC mutant the same ordered pattern of replication was observed (Fig. 2 ) but without the 3-to 4-min delay in onset seen with dnaA5. There does appear to have been some selective incorporation of label into the earliest observed fragments even at 400, just prior to the shift to 280. Turnover of DNA within the origin region or initiation and incorporation during quenching of the sample on ice and KCN might explain this observation.
When feasible, equal amounts of radioactivity were placed in the gel slots to normalize any differences in specific radioactivity of the DNA fragments arising from nucleotide pool changes in the first few minutes of replication. During the first 6 min after downshift of the dnaA mutant, however, insufficient [3H]thymidine was incorporated, and therefore the patterns from these intervals in Fig. 1 (26) . Four less prominent HindIII fragments were also noted and included in the mapping experiments. These were H 1.5, H 1.6, H 3.5, and H 3.6. Together, the five EcoRI fragments have a combined molecular weight of 25.6 X 106, the nine HindIII fragments, one of 25.0 X 106.
In Fig. 4 , the secondary cleavage products that resulted from digestion of each EcoRI fragment with HindIII and vice versa are shown and compared. Whenever secondary cleavage occurred, the total molecular weight of the products agreed closely with the molecular weight of the original fragment, indicating that each gel band contained only one labeled fragment. With two exceptions, the matching fragments in the two sets could be readily identified on the basis of their electrophoretic mobility. The exceptions were (i) the smallest fragment from R 11 for which there was no corresponding fragment and must therefore represent one end of the region being mapped and (ii) the presence of four fragments measuring 2.0 kb in length. To determine which of these four fragments matched one another and to further verify that the other matched pairs were identical, we digested each fragment with Bam H1, Hpa I, or HincII. The results are summarized in Table 1 . Based on identical cleavage patterns, the 2 kb fragments from R 2.3 and H 4.2 could be matched, as could also the 2 kb fragment from R 8.6 with H 2.0. As expected, the other previously paired fragments showed identical cleavage patterns or lack of cleavage, as the case may be. Based on these results, the restriction map in Fig. 5 can be drawn connecting all fragments into one continuous 38 kb segment of the chromosome. Only the location of the two HindIII fragments within R 8.6 and the three within R 12 cannot be definitely assigned, relative to one another, on the basis of these data. porated, extending outward from a maximum at the origin. When replication proceeds bidirectionally from the origin, as in E. coli (1, 2, 7, 8) , the actual pattern of incorporation should resemble a pyramid with the origin at its apex.
To determine the specific radioactivity (cpm/kb) of each restriction fragment after 1.5 min of labeling, the bands in Fig.   0 Molecular weight X 1O-6 6 -~~~10 3 were cut out and assayed in a liquid scintillation counter with a toluene-based scintillant. This was necessitated by the nonlinear response of the x-ray film during fluorography that resulted in a bias toward more heavily labeled bands (27) . The secondary digestion products of individual. EcoRI and HindIII restriction fragments were then analyzed to determine 15 20 EcoRI fragments (kb) (2) .
When the origin-containing region was first mapped, we considered the possibility that it might not be located on the bacterial chromosome but rather represented a cryptic plasmid. This has been ruled out by our inability to detect any covalently closed circular DNA molecules in pulse-chased lysates in either alkaline sucrose gradients or CsCI/ethidium bromide density gradients. Furthermore, the same initial pattern of replication has been observed in temperature-shifted cells of the separate dnaC ts mutant CT28 isolated by Schubach et al. (21) and in a nontemperature-sensitive E. coli K12 strain following its release from amino acid starvation (Parks and Marsh, unpublished data).
No substantial incorporation of [3H]thymidine into any specific fragments outside the 38 kb mapped region bounding the origin was observed in the initial stage of replication following downshift of either PC2 or PC5 to the permissive temperature. Both mutants are apparently blocked specifically at the origin.
The defect in both PC2 and PC5 is known to be thermally reversible. Initiation of replication occurs upon shift to the permissive temperature even in the presence of chloramphenicol or rifampicin (22) . Thus, the observed rapidity of initiation upon downshift of these mutants might have been predicted despite the fact that overall incorporation of [3H]-thymidine would indicate a longer delay. Earlier, Schubach et al. (21) reported evidence that CT28, like PC2, can complete initiation of replication during a period as brief as 3 min at 300.
Unfortunately, initiation was not completely synchronous upon shift of either the dnaA or dnaC mutant to the permissive temperatures, as reflected in the 6-8 min required for all cells in either population to replicate any one restriction fragment. It was clear, however, that the dnaA mutant initiated replication 3-4 min after the dnaC mutant. Apparently this delay cannot be due to a longer half-time for renaturation of the dnaA gene product, as this would lead to a greater time spread in replication of each restriction fragment. This may therefore indicate that the dnaA gene product is involved at an earlier step in initiation than the dnaC gene product and that this step requires several minutes to complete.
The EcoRI and HindIII restriction map presented here places the origin of replication in E. coli within a region containing 1000-2000 base pairs. It should be possible to use additional restriction enzymes to more narrowly define the chromosomal site at which initiation of replication occurs.
